Abstract The advantageous performance of the UASB reactors is due to the immobilisation of the active biomass, since bacteria coagulate forming aggregates usually called granules. Changes in organic loading rate, hydraulic loading rate or influent substrate composition usually result in changes in granule characteristics and lead to different reactor behaviour. A dynamic mathematical model has been developed for the anaerobic digestion of a glucose based synthetic wastewater in UASB reactors. Cellular automata (CA) theory has been applied to simulate the granule development process. The model takes into consideration that granule diameter and granule microbial composition are functions of the reactor operational parameters and is capable of predicting the UASB performance and the layer structure of the granules.
Introduction
The most common reactor type used for high-rate anaerobic digestion of wastewaters is the Up-flow Anaerobic Sludge Bed reactor (UASB). The UASB was developed in the 1970s and has been successfully applied to the treatment of a wide range of industrial and municipal wastewaters (Lettinga et al., 1980; Lettinga and Hulshoff Pol, 1991; Seghezzo et al., 1998) . The advantageous performance of the UASB reactor compared to the traditional anaerobic treatment systems is due to the granulation of the active biomass. Granulation is a natural self-immobilisation process that proceeds only in digesters fed with mainly soluble organic matter and operated in an up-flow manner (Lettinga, 1995) . The granules are very dense matrixes of microbial cells bound together due to extracellular polymers and inorganic precipitates. Consequently, granular sludge can be characterised as a spherical biofilm and many similarities between biofilm formation and the granulation process exist. The formation and stability of the granules are essential for the optimal operation of the UASB reactor, allowing for high biomass concentration and efficient operation at high wastewater flow rates (Schmidt and Ahring, 1996) . Although the precise mechanism of the granule formation still remains unknown, their composition, structure and the factors influencing their formation are understood to a great extent. The microstructure of the granules is dependent on the chemical composition of the wastewater fed to the UASB reactor. Granules treating wastewaters with a carbohydrate content usually exhibit a three-layered structure: syntrophic bacterial associations (i.e. acetogens juxtaposed to H 2 -utilizing methanogens) are located between an external layer made of a mixed population of acidogens and H 2 -utilizing methanogens and a core composed almost exclusively of aceticlastic methanogens. On the other hand, granules treating proteins and/or volatile fatty acids exhibit a rather uniform structure (Fang et al., 1994; Guiot et al., 1992) .
Despite the already available knowledge and experience concerning the development of granules there is a lack of a unified, objective criterion for the selection of the optimal values of the reactor operational parameters In order to be able to optimally design and efficiently operate high-rate anaerobic digestion systems, one needs to employ appropriate mathematical models. Two different approaches exist in the literature concerning the modelling of the UASB: the "hydraulic" and the "granulated biomass" approach. The hydraulic approach tries to simulate the reactor behaviour assuming that a UASB reactor is equivalent with a combination of several types of ideal bioreactors, such as the continuous stirred tank reactor or the plug flow reactor. It applies suspended growth anaerobic kinetics as well as mass transfer limitations in order to predict the overall substrate utilisation and biomass accumulation rates without taking into consideration the granulation process of the anaerobic biomass (Heertjes et al., 1978; Bolle et al., 1986; Singhal et al., 1998; Kalyuzhnii and Fedorovich, 1997) . The "granulated biomass" approach takes into consideration that the biomass forms granules. It combines suspended growth anaerobic kinetics with the diffusion rates of the soluble substances inside the granules. Granule diameter and granule microbial compositions are assumed constant (Arcand et al., 1994; Wu and Hickey, 1997) .
The above assumptions result in relatively simple systems of differential equations, which can be integrated by personal computers. The performance of a UASB reactor under steady state is satisfactorily predicted but such models do not precisely simulate the reactor response to changes in the operational parameters. Changes in operational parameters such as organic loading rate, hydraulic loading rate, influent substrate composition etc., which very often characterise the wastewater treatment processes, usually result in changes in granule diameter and granule microbial composition and lead to different reactor behaviour. More realistic models, considering the majority of the operational parameters of a UASB reactor, would probably have the ability to reproduce in quantitative detail the results of an experimental procedure but they would have no practical value since their integration consumes too much time and leads to extremely complicated numerical problems. One technique for simplifying these numerically complicated systems is the application of cellular automata (CA) theory. A cellular automaton is a simulation, which is discrete in time, space and state. A CA model usually consists of an array of compartments similar to the spaces in a game of noughts and crosses. Each compartment is defined as a triplet (I, S, W), where I is the set of inputs, S is a set of states, and W is the next-state function, defined on input-state pairs. In the case of microbial cells growth, S is the substrate and biomass concentration, I is the total of the states of the adjacent compartments and W is the growth function. Despite their conceptual simplicity CA are capable of predicting the complicated behaviour of several natural biological systems such as biofilm formation and bacterial aggregation or detachment. Wimpenny and Colasanti (1997) investigated the biofilm structure as a function of substrate concentration applying a very simple two-dimensional CA model. Picioreanu et al. (1998a,b) have used a more sophisticated hybrid differentialdiscrete CA model for the mathematical simulation of the biofilm development. The present work aims at the development of a CA model for the anaerobic digestion of glucose by granular sludge in UASB reactors. CA theory has been applied to simulate the granule development process. The model takes into consideration that granule diameter and granule microbial composition is a function of the operational parameters (liquid up-flow velocity, superficial biogas velocity and influent substrate concentration).
Model definition
According to this model the glucose is converted to biogas with the simultaneous action of two microbial groups: a) the acidogenic bacteria that consume glucose and produce acetic acid, and b) the methanogens that produce CH 4 and CO 2 using acetic acid as substrate.
The granule A granule is described in the physical space by a grid of concentric spherical layers of the same thickness, δr, (see Figure1).
The states
The set (S) of states of the system that simulates the granule development consists of two matrices. The matrix s, which contains the substrates and/or products concentration values (S i,n ) as elements and the matrix x, which contains the biomass concentration values of the different bacterial groups (X j,n ) at the different concentric spherical layers. It is assumed that the biomass is equally distributed in the layer volume given that the layer thickness is small enough (e.g. δr = 10 µm). The different substrates/products, bacterial groups and concentric layers are represented by the indexes i, j and n, respectively, where i = 1 or 2 for glucose or acetate, j = 1 or 2 for acidogens or methanogens and n = 1 for the central layer and increases with the granule size, i.e. granule radius R = N · d when the number of layers is N.
The CA rule
The liquid up-flow velocity (v up ) and the superficial biogas velocity have considerable effect on the granular sludge in the UASB reactors, thereby acting as a selection pressure in the cultivation of the biomass. The granule size development is the result of the dynamic equilibrium between the biomass detachment from the granule surface by fluid shear, the biomass decay and the biomass growth as a result of the substrate transport to the granule interior layers. In the present model it is assumed that the diffusion is the only active mechanism for the mass transport into the granule body. Consequently, the glucose and acetate concentrations depend on the balance between their diffusion rate and their production/consumption rate. The mass balance of the component i in spherical co-ordinates is:
(1) where: D ef,i = the effective diffusivity coefficient of component i; RS i = production rate of the component i. Assuming that the consumption of glucose by the acidogenic bacteria and of acetate by methanogens follows simple Monod kinetics it is obtained that: 
where RX j,n is the sum of growth rate, decay rate and detachment rate in the layer n. RX j,n depends on the concentration of bacterial group j (X j,n ), the substrate concentration (S i,n ) and the fluid shear stress. The granule development is simulated according to the following CA rule. When the biomass concentration reaches the maximum allowable concentration in the layer n (i.e. X n = Σ j X j,n > X max ), then the excess of biomass has to be transferred to the previous n-1 or to the next n+1 layer. The direction of this transfer (inward or outward) depends on the specific substrate concentration in the two neighbour layers. Namely, the excess of the acidogenic or the methanogenic biomass is transferred to the layer with the higher S 1,n /X 1,n or S 2,n /X 2,n ratio, respectively.
Simulation procedure
The simulation procedure consists of three steps. 1st step. The substrate and product concentrations at time t+dt (s t+dt ) are calculated. Eq. (1) is integrated with the method of lines (Constantinides and Mostoufi, 1999) . This is based on the concept of converting the partial differential equation into a set of ordinary differential equations by discretizing only the spatial (radial) derivatives using finite differences and leaving the time derivatives unchanged. There are as many of these ordinary differential equations as there are granule layers plus the two boundary conditions for the centre (r = 0) and for the surface (r = R = N · dr) of the granule. These boundary conditions are:
where K L,i is the mass transfer coefficient for the component i and S i b is the concentration of the component i in the bulk solution. The above system of ordinary differential equations for the glucose and acetate concentration in the granule layers is integrated simultaneously with the mass balances for a UASB reactor: (7) where D = the dilution rate (the inverse of the reactor's hydraulic retention time); S i in = the concentration of component i in the influent; BM = biomass concentration (as volatile suspended solids, VSS) in the reactor; ρ = granule density (biomass per granule volume); S i s = concentration of component i on the granule surface.
Eq. (7) is valid only under the assumption that a UASB reactor is hydraulically equivalent with a CSTR containing granules, which remain into the reactor and are not removed by the effluent. The integration is started with a known s t at time t. Matrix x t (i.e. biomass concentration at time t) remains unchanged during this step. This is possible because the biomass growth rate is very slow compared to the substrate/product diffusion or consumption/production (Picioreanu et al., 1999) .
2nd step. With the obtained substrate and product concentration at the different layers (s t+δt ), the biomass balance Eq. (4) is integrated in each one of the spherical layers and the x t+δt is calculated.
3rd step. Finally the biomass is redistributed according to the CA rule. Given the new values for the biomass concentration x t+δt at time t+δt, the simulation procedure returns to the I.V. Skiadas and B.K. Ahring
1st step and calculates the substrate/product concentration at time t+2·δt, thus simulating the granule development and the UASB response.
Model predictions
The unknown model parameters, which were taken or estimated from the literature, are the effective diffusivity coefficients ( (65) g VSS . l -1 . It also predicts that the effluent concentrations for the glucose and the acetate are 2.5 (< 1) and 4.7 (30) mg . l -1 , respectively. These predictions are very similar to our experimental results (data in parenthesis). Furthermore, the above-described model is capable of predicting the layer structure of the granules and the substrate concentration in the granule interior through simple and fast calculations. For example, the model predicts high acidogens and low methanogens concentration at the outer layers and the reverse at the inner layers of the granules in a UASB reactor operated at hydraulic retention time of 12 h, liquid up-flow velocity 73 cm/h and bulk concentrations of glucose and acetate at 55 and 24 mg/l, respectively, (see Figure 2) . In addition and due to substrate limitations, the granule core is predicted to be either empty or inactive. This result is in accordance with the experimentally observed structure of the granules (Alphenaar et al., 1993) . The model is also capable of predicting the effect of the operational parameters on the granule characteristics. It can be seen in Figure 3 that the high up-flow velocity results in granules with high density and small size while high glucose bulk concentration have the opposite result on the density and size of the granules.
Conclusions
It has been demonstrated that a model based on cellular automata may be a valuable tool that describes the anaerobic processes in granular sludge. The above-described hybrid model combines differential equation with a CA system and through simple and fast calculations is capable of predicting: a) the layer structure of the granules, which is: high acidogens and low methanogens concentration at the outer granule layers and the reverse at the inner granule layers and b) the granule diameter and granule microbial compositions as functions of the operational parameters. Steady state and dynamic experiments in lab-scale UASB reactors are underway and the results will be used for further model validation. The fit of the model predictions to the experimental results will be improved with the manipula- tion of the model parameters. The model will also be improved, taking into consideration more bacterial groups and their substrates/products such as the acidogenic bacteria (propionate and/or butyrate producers) and the H 2 -utilizing methanogenic bacteria. The model can be used for the optimal designing and the efficient operation of the UASB reactor predicting its response to the changes of the operational parameters. It is believed that the wide use of the low-cost high-rate anaerobic systems for the treatment of wastewaters is a prerequisite for the desirable sustainable growth in our society. The employment of this model by consultants and constructors will further stimulate the use of the UASB reactor. Granule density (g/ml) Figure 3 Predicted effect of up-flow velocity and bulk glucose concentration on granule characteristics
